Abstract. The seasonal distributions of phytoplankton biovolume and chlorophyll a content were monitored for 14 months in a deep oligotrophic, high mountain lake (Redó, Pyrenees). An allometric relationship of chlorophyll with biovolume was found throughout the period studied, with a correlation coefficient of 0.66. However, the relationship changed with season and the taxonomic composition of the phytoplankton. Both parameters showed a similar seasonal pattern, but differences in space and time were observed. The chlorophyll maximum was recorded deeper and later than that of phytoplankton biovolume. While the biovolume maximum was related to an improvement in conditions for growth (nutrient input during column mixing periods), and reflected an increase in biomass, the chlorophyll maximum was related to changes in cell pigment content, and to spatial or successional trends in species dominance. Flagellated chrysophytes predominated at the chlorophyll maxima. Chlorophyll content per unit of phytoplankton biovolume fluctuated greatly throughout the year, depending on light intensity, temperature and phytoplankton composition. Of the main groups of phytoplankton in the lake, the dinoflagellates, which dominated the summer epilimnion phytoplankton community, recorded the lowest pigment content per biovolume (which is consistent with their size). Higher chlorophyll contents per biovolume were found in the deep hypolimnion and during the winter cover period associated with small cells such as some species of chlorococcales chlorophytes. When flagellated chrysophytes were predominant, a broad range of chlorophyll values per biovolume was found and there was no significant correlation between the two biomass indices. These findings reaffirm the need to treat phytoplankton biomass estimates with caution, in particular when conducting primary production studies. While our results show that changes in chlorophyll content per cell occur as a photoacclimation response along a vertical profile, they also point out a component of the successional trends which appear in a phytoplankton growth phase in a lake.
Introduction
Phytoplankton is central to the pelagic ecosystem since it traps almost all the energy used by the ecosystem. Consequently, phytoplankton biomass estimates are of major concern in aquatic ecological studies (Harris, 1986) . Algal carbon content is extremely difficult to determine directly and is therefore usually estimated from other parameters, which require many calculations and/or the use of imprecise conversion factors (Geider et al., 1997) . Counting and volume assessment of cells, and measurement of pigment concentration, are widely used to estimate algal biomass (Smayda, 1978; Jeffrey et al., 1997) . However, both methods have technical limitations. Direct cell counting and species volume measurement is laborious, requiring specialists in taxonomy and the use of preserved samples. Moreover, fixation can alter cell volume, depending on both the fixative and the concentration used, and the species (Montagnes et al., 1994) . Chlorophyll a is common to all photosynthetic organisms. Furthermore, it is the most abundant photosynthetic pigment and it is relatively easy and rapid to quantify. Consequently, its concentration is used extensively for estimating phytoplankton biomass. A variety of techniques is at present available offering varying degrees of accuracy. However, the ratio of chlorophyll a to cell carbon depends on external and internal factors, such as phytoplankton taxonomic composition, cell physiological conditions, temperature, nutrient concentrations and light intensity (Meeks, 1974; Desortová, 1981; Reynolds, 1984; Riemann et al., 1989; Vörös and Padisák, 1991) .
The relationship between chlorophyll a and phytoplankton biovolume has been widely studied (Kalchev et al., 1996) . Linear (Tolstoy, 1979; Desortová, 1981; Vörös and Padisák, 1991; Jones et al., 1996; Kalchev et al., 1996) and allometric (Rott, 1978; Vörös and Padisák, 1991) relationships have been found between them. However, the origin of the relationship, its variability and the causes of its deviation have not been sufficiently analysed (Margalef, 1983) . Most available information comes from studies of vertical phytoplankton distributions. The distributions of these two parameters in the water column do not always match (Abbott et al., 1984; Li, 1994) as a result of changes in cell chlorophyll content due to photoacclimation or changes in internal nutrient pools (Longhurst and Harrison, 1989) . In this paper, we analyse the relationship between chlorophyll and biovolume throughout the seasonal cycle of a deep, high mountain lake. Strong seasonality in temperature, nutrient loadings and light intensity, due to the depth of the lake and ice and snow cover during winter, provide a wide range of conditions for the evaluation of the spatial and temporal components of the relationship.
Method
The study was conducted in Lake Redó (42°N, 0°E), an oligotrophic high mountain lake located in the Central Pyrenees (Spain) at 2240 m above mean sea level. It has a surface area of 24 ha, a maximum depth of 73 m and a mean depth of 32 m. A complete description of its physical and chemical features can be found in Catalan (Catalan, 1988 (Catalan, , 1989 (Catalan, , 1992 . It is a dimictic lake with spring and fall mixing periods, and is usually covered by ice and snow for 6-7 months each year. Algae are the main component of its plankton biomass and chrysophytes the most abundant group (Felip, 1997; Felip et al., 1999b) .
The central area of the lake was sampled at 6-30 day intervals (according to physical changes) from May 1984 to August 1985. Water samples were obtained at nine or 11 different depths throughout the water column at 2, 5 or 10 m intervals. Immediately after sampling, one set of subsamples was fixed to determine algal abundance and composition, while another was filtered through glass-fibre filters for pigment analysis. This set was kept cold and analysed within a few hours. A further set of subsamples was obtained for a complete chemical composition analysis. NH 4 + content was determined using the phenolhypochlorite method (Solórzano, 1969) , whereas NO 2 -and NO 3 -were determined by colorimetric methods as described in Grasshoff et al. (Grasshoff et al., 1983) . Vertical temperature profiles were obtained from the centre of the lake by measuring temperature (± + 0.05°C) at 1 m intervals. The light extinction coefficient was estimated from water transparency measurements with a Secchi disk during the ice-free season. In winter the percentage of incident light transmitted through the cover was estimated by reflection and extinction coefficients found in the literature (Catalan, 1988) .
Grinding in 90% acetone was undertaken to extract photosynthetic pigments from the cells retained in the filters (Jeffrey et al., 1997) . Absorbance spectra of the extracts were used for chlorophyll determinations (Jeffrey and Humphrey, 1975) . The ratio between absorbances at 430 and 410 nm wavelengths (A430/ A410) was used as a phaeopigment indicator (Moss, 1967) . The A480/A665 ratio was used as an indicator of the relative abundance of carotenoids (Strickland and Parsons, 1968) .
The abundance of algae was estimated by the Utermöhl method after fixation with Lugol's solution (Sournia, 1978) . Species volume was estimated by shape assimilation to known geometric forms and direct measurement of the main cell dimensions in more than 25 randomly selected individuals (Smayda, 1978) . If size differences were observed within a species, the individuals of that species were divided into several cell size classes in order to determine the volume more accurately. Total algal biovolume was calculated by the addition of the biovolume of all species present (abundance ϫ volume). For each sample, the predominant taxonomic group was established according to biovolume percentage. Species were grouped in the highest taxon that still represented a single biological type. In the case of chrysophytes, Stichogloea doederleinii, a non-flagellate and colonial species, was considered separately. The average individual biovolume (average cell size) per sample was obtained by dividing the total algal biovolume by the cell density.
Results

The relationship between chlorophyll and phytoplankton biovolume
The range of values obtained from the biomass estimators used in our study is summarized in Table I . Our data show an allometric relationship between chlorophyll a (Chl a) and total algal biovolume (bv), Chl a = 4.036 (bv) 0.66 chlorophyll in µg l -1 and biovolume in mm 3 l -1 . Figure 1a shows the sample dispersion along the regression line. Seasonally, the chlorophyll-biovolume relationship showed certain differences. In particular, values during spring 1984 fell below the regression line (open square in Figure 1a ), whereas samples from the autumn mixing period and winter were above the regression line (upright and inverted triangles in Figure 1a ).
The chlorophyll-biovolume relationship changed with the taxonomic composition of phytoplankton . A significant correlation between chlorophyll and biovolume was found in all groups except flagellated chrysophytes. The amount of chlorophyll per biovolume tended to be lower when dinoflagellates or volvocales were predominant, as the smaller constant and lower slope indicate. The highest slope was recorded by samples in which Stichoghloea doederleinii was predominant. In general, the relationships depended on the life forms in the groups. Non-flagellated forms (chlorococcales, desmidiaceae and Stichogloea doederleinii) had large slope values, while most flagellated forms (volvocales, dinoflagellates and chrysophytes) showed significantly lower slope values.
Seasonal patterns
During 1984 and 1985, the distribution of chlorophyll a and phytoplankton biovolume showed similar seasonal patterns ( Figure 2) ; values increased throughout the summer, reached their highest values during the autumn mixing period and slowly decreased during the period of ice cover. However, when examined in detail, significant differences were found between the behaviour of the two biomass estimators.
The seasonal variability of the chlorophyll a content per unit biovolume (Chl:bv) reflected the degree of decoupling between the two biomass estimators (Figure 3 ). During the two summer stratification periods, chlorophyll per unit biovolume was low in the surface layers and increased with depth. This pattern was not repeated when the mixing layer increased, as the chlorophyll content was found to be homogeneous throughout the water column. When the lake surface froze and snow accumulated over the cover (January 1985) , the chlorophyll content per unit biovolume increased markedly, and remained high during the rest of the ice-covered period, with values usually greater than 15 µg Chl a mm -3 and a maximum being recorded in February (Table I) . No relationship was found between chlorophyll per unit biovolume and the proportion of phaeopigment in the samples, as shown in Figure 4 .
Chlorophyll a content per unit biovolume was inversely related to average cell size, Chl:bv = 102.32 (average cell size) -0.6 r 2 = 0.46, P < 0.01, n = 233
However, for a given cell size, chlorophyll content per unit biovolume showed a wide range of values, particularly when flagellated chrysophytes were predominant (open circle in Figure 5 ). No significant relationship was found when samples were considered independently for each predominant group. Samples predominated by green algae had high chlorophyll content per unit biovolume, whereas those in which dinoflagellates were predominant displayed the lowest pigment content according to their cell size. The effects of phytoplankton taxonomic composition and external factors on the decoupling between chlorophyll and biovolume ( Figure 3) were evaluated by determining their correlation with the residuals of the regression between the two parameters for the whole data set (Figure 1a ). These correlations identified the importance of light and temperature and were consistent with previous observations regarding the predominance of certain phytoplanktonic groups (Table II) . Low chlorophyll content related to phytoplankton biovolume (residual negative) was significantly related to high light and temperature values and a predominance of dinoflagellates, reflecting the characteristics of the epilimnion during the summer stratification. In contrast, large amounts of chlorophyll per unit biovolume were related to low light and temperature values, and to the predominance of small cells such as some chlorophyte species.
Decoupling between chlorophyll and biovolume maxima
Chlorophyll a and phytoplankton biovolume maxima coincided neither spatially nor temporally. Values integrated throughout the whole column showed a temporal shift between chlorophyll a and algal biovolume (Figure 6 ). At the beginning of the summer stratification (both years), biovolume peaked before chlorophyll, one month before in 1984 and 12 days before in 1985. The lack of chlorophyll data for 12 August in 1984 limited the time resolution of the shift during the first year. There were also discrepancies in the vertical distribution of their maxima, with phytoplankton biovolume peaking usually in shallower layers (10-25 m) than chlorophyll (30-40 m) (Figure 7) .
The characteristics of the phytoplankton community changed significantly between the biovolume and the chlorophyll maxima (Table III) . The same tendency was observed in the two seasonal periods of highest biomass detected ( Figure 6 ): the onset of summer stratification (summer maxima), and the period between autumn mixing and ice-cover formation (winter maxima). The main trends were cell density and average cell size reduction, and an increase in chlorophyll content per unit biovolume and per cell. Furthermore, phytoplankton taxonomic composition was significantly altered and flagellated chrysophytes became predominant (summer peak) or, at least, increased their biovolume percentage (winter peak). 
Discussion
Due to the intraspecific variability in cell size and shape that characterizes the phytoplankton, and due to the difficulties involved in classifying species in certain groups, estimates of species cell volume should be based on our samples (Smayda, 1978) . The cell volume values recorded in Lake Redó phytoplankton were in the same range as those measured in other natural populations (Capblancq, 1972; Margalef, 1983; Reynolds, 1984; Pugnetti and Bettinetti, 1995; de Hoyos, 1996) . For instance, Reynolds (Reynolds, 1984) reported a cell volume for Cryptomonas ovata of between 1950 and 3750 µm 3 and here we recorded measurements of 3500 µm 3 . Total phytoplankton biovolume values estimated in Lake Redó were also in the range of those reported in high mountain lakes in the Pyrenees and the Alps (Capblancq, 1972; Pugnetti and Bettinetti, 1995; Sommaruga-Wögrath, 1998) . The ranges of chlorophyll a content per unit biovolume and chlorophyll a content per cell observed in Lake Redó (Table I) are consistent with those reported in the literature (Tolstoy, 1979; Desortová, 1981; Margalef, 1983; Reynolds, 1984; Jónasson et al., 1992) . The two samples with values above 5 pg chlorophyll cell -1 (0 and 2 m on 16 June 1984) were related to large volvocales (>20 µm diameter) associated with the snowpack. In these two samples, the ratio Table III . Phytoplankton assemblages characteristics during high biomass periods observed in Lake Redó, summer of 1985 Redó, summer of and winter of 1984 Redó, summer of -1985 . Contrasting phytoplankton biovolume and chlorophyll content maxima between absorbances at 480 and 665 nm was high (Catalan, 1992) , indicating high carotenoid concentration (Strickland and Parsons, 1968) , a typical feature of snow algae (Lee, 1989) . Differences in the taxonomic composition of phytoplankton account for most of the variability in the chlorophyll-biovolume relationship, which depends on the life form of the predominant group and their average cell size (Figures 1 and  5) , and was not related to decaying phytoplankton populations (Figure 4 ). Smaller cells have higher relative chlorophyll content than larger cells (Malone, 1980) , but no clear explanation has been found for the differences between the coccal and flagellated forms. These differences were well supported by the main predominant groups (chlorococcales, Stichogloea doederleinii, dinoflagellates and flagellated chrysophytes); only those few samples in which cryptophytes were predominant did not follow the pattern (Figure 1e ). Samples in which flagellated chrysophytes were predominant did not present any significant relationship between chlorophyll and phytoplankton biovolume, perhaps because of the species diversity of this group in Lake Redó (Felip, 1997) , or because they were able to change their chlorophyll content per cell. The ability to increase substantially the chlorophyll content of cells, frequent among phytoplankton, has been observed in at least one chrysophyte (Pick et al., 1984) . Here, the predominance of flagellated chrysophytes reported in the chlorophyll maxima (Table III) could be related to this feature. Ochromonas spp. and Chromulina spp. were the main species related to chlorophyll maxima during 1984-85, but other species, such as Dinobryon cylindricum, were also abundant in other years (Felip et al., 1999a) .
The temporal and spatial decoupling observed between the phytoplankton biovolume and chlorophyll maxima (Figures 6 and 7, Table III) suggest that the relationship between these two biomass estimators should be understood as a phenomenon related to species succession induced by environmental changes. The decrease in light intensity induced by an increase in biomass (related to a rise in nutrient loading during column mixing periods), or by the ice cover, led to changes in species predominance and the development of the chlorophyll maxima. Light has been described as the main external factor influencing the vertical disagreement between chlorophyll and biomass maxima (Longhurst and Harrison, 1989) . The increase in chlorophyll content per cell when light is limiting has been widely observed in algal cultures (Meeks, 1974; Falkowski and Owens, 1980; Osborne and Raven, 1986) and in natural populations (Desortová, 1981) . In some exceptional situations where change of chlorophyll content per cell has not been observed, low light levels produced a reduction in cell volume while the amount of chlorophyll per unit biovolume increased (Senger and Fleischhacker, 1978; Perry et al., 1981) . In this study, we observed both effects: changes in cell chlorophyll content and a reduction of cell size, together with changes in the dominance of species and phytoplanktonic group (Table III) . Temperature was also significantly related to changes in the chlorophyll-biovolume relationship (Table II) , due to the predominance of relatively large dinoflagellates with low chlorophyll content (Figures 1f and 5 ) in the epilimnion of the lake during summer stratification. Nevertheless, temperature cannot be considered a main factor for the phytoplankton community in Lake Redó, but should rather be considered as an artifact produced by its concomitance with light.
The distinction between chlorophyll and biovolume as indices of phytoplankton biomass reinforces the need to treat phytoplankton biomass estimates with caution (Geider et al., 1997) . Primary production studies often use chlorophyll as an estimator of phytoplankton biomass (Harris, 1986) , and rapid changes in the chlorophyll-biovolume relationship could lead to significant errors in the interpretation of results and could account for unexpected values.
